Introduction
Thin-film transistors (TFTs) are the building blocks of flatpanel displays based on liquid crystals and organic lightemitting diodes. At present, TFTs used in displays employ either amorphous silicon (a-Si) or polycrystalline silicon (poly-Si) as their active channel layer. In comparison with these materials, zinc oxide (ZnO) possesses attractive characteristics 1) such as a wide band gap ($3:3 eV at 300 K), high optical transparency (above 80%), low processing temperature, and higher carrier mobility, and thus there has been active research on TFTs employing a ZnO film as the channel layer. The available experimental data on ZnO TFTs indicates their potential use in the field of displays as well as for realizing transparent and flexible electronics. Various growth methods have been employed to realize ZnO films for use as the active channel of ZnO TFTs, including molecular beam epitaxy, 2) sputtering, [3] [4] [5] [6] [7] [8] [9] [10] pulsed laser deposition, [11] [12] [13] [14] [15] atomic layer deposition, [16] [17] [18] [19] [20] [21] and metal organic chemical vapor deposition (MOCVD). [22] [23] [24] In principle, MOCVD offers the advantages of good reproducibility from run to run and high-quality film with better thickness uniformity. 25) In addition to these merits, it may also be possible to use MOCVD to realize TFTs employing ZnO-based heterostructures similar to highelectron-mobility transistors. Until now, research on TFTs that employ an MOCVD-grown ZnO film as the channel layer has been limited. [22] [23] [24] The MOCVD-grown ZnO TFTs reported by Jo et al. 22) exhibited depletion-type device characteristics with a considerable drain current of about 0.4 mA at zero gate voltage, indicating a high concentration of electrons in the ZnO channel layer. The threshold voltage (V T ) and turn-on voltage (V on ) of these TFTs were À5 V and <À30 V, respectively. Here, V on is defined as the gate voltage at which the drain current begins to rise in a transfer curve. The MOCVD ZnO TFTs reported by Zhu et al. 23) too were depletion-type devices with a drain current of as much as 0.1 mA at zero gate voltage, a V T of À29:6 V, and a V on of À40 V. But, enhancement-mode ZnO TFTs are preferable to their depletion-mode counterparts because the circuit design is easier with enhancement-mode devices and also power dissipation can be minimized. 5) Therefore, realizing enhancement-mode MOCVD ZnO TFTs is of importance. Furthermore, ZnO films with lower electron concentrations are essential for realizing MgZnO/ZnO-heterostructurebased TFTs similar to high-electron-mobility transistors. Recently, Jo et al. 24) reported enhancement-mode MOCVD ZnO TFTs by employing a technique involving process interruptions during the ZnO film growth, and these devices exhibited a V on of À4 V, a V T of 5 V, and a drain current of 0.4 mA at zero gate voltage. Here, we perform a postfabrication N 2 O plasma treatment on MOCVD ZnO TFTs to obtain enhancement-mode operating devices as well as to achieve better TFT device parameters, including off-current. For display applications, the off-current of TFTs should be as low as possible to ensure proper functioning. 26, 27) While a glass substrate and plasma-deposited gate dielectric are employed in the present work for TFT fabrication, Si substrates with a thermally grown gate dielectric were employed in the work reported by Jo et al. 24) Furthermore, the maximum process temperature employed in this work is 350 C whereas it was 450 C in ref. 24 . Thus, our device fabrication process is more compatible with the TFT technology used in industry.
In this paper, we report the fabrication and characteristics of ZnO TFTs that employ an MOCVD-grown ZnO film as the active channel layer and plasma-enhanced chemical vapor deposition (PECVD)-prepared silicon nitride as the gate dielectric. These ZnO TFTs were fabricated on glass substrates and have a bottom-gated structure. The effect of postfabrication N 2 O plasma treatment on the electrical characteristics of the ZnO TFTs was studied. The structural and optical properties of both the as-grown and N 2 O-plasma-treated ZnO films are reported. The results of X-ray photoelectron spectroscopy (XPS) surface analysis of the as-grown and N 2 O-treated ZnO samples are also presented.
Experimental Procedure

Fabrication of bottom-gated ZnO TFTs
Corning 1737 glass plates coated with 200-nm-thick indium tin oxide (ITO) were used as starting substrates (Delta Technologies) for fabricating bottom-gated ZnO TFTs. The ITO acts as the gate electrode for the TFTs and it had a sheet resistance of 4 -8 /Ã. The substrates were ultrasonically cleaned with acetone, methanol, and deionized water. Firstly, the ITO gate electrodes were defined by standard photolithography and wet etching using LCE-12k (Cyantek ITO Etchant) solution at 45 C. Following this, about 90-nmthick silicon nitride gate dielectric was deposited by PECVD using SiH 4 , NH 3 , and N 2 gases (Oxford Instruments Plasmalab System 100). The process parameters used for the silicon nitride deposition were as follows: flow rates of SiH 4 =NH 3 =N 2 ¼ 20=40=600 sccm, temperature is 300 C, pressure is 650 mTorr, and power is 30 W.
Next, ZnO film was grown using a commercially available MOCVD vertical reactor (Sysnex ZEUS230G). Diethylzinc (DEZn) and O 2 were employed as the sources of zinc and oxygen, respectively. The DEZn source was maintained at a temperature of 0 C and Ar was used as its carrier gas. The DEZn and O 2 were separately introduced into the reactor and the mixing of these two sources took place only 1 cm before reaching the substrate. For the ZnO film growth, the flow rates of DEZn and oxygen were 6.7 and 3:3 Â 10 5 mmol/min, respectively. The reactor pressure was maintained at 50 Torr and the growth temperature was set to 350 C. Under the aforementioned conditions, the growth rate of the ZnO film was about 30 Å /min.
The ZnO film was subsequently patterned by conventional photolithography and etching using HCl : HNO 3 
Characterization of silicon nitride and ZnO films
In order to obtain the dielectric constant of the silicon nitride gate dielectric film, metal-insulator-metal capacitors were fabricated separately on ITO-coated Corning glass substrates using ITO and Ti/Pt/Au as electrodes and silicon nitride as an insulator. The dielectric constant estimated from the 1 MHz capacitance-voltage characteristics of the capacitors was 6.0. An XPS analysis was carried out to determine the atomic concentration ratio of N/Si in the silicon nitride film, which was found to be 1.45. The measured refractive index of the silicon nitride film was 1.8.
The thickness of the ZnO film measured using a surface profiler (Tencor Alpha-Step 500) was 1600 Å . The structural properties of the ZnO films were evaluated using X-ray diffraction (XRD; Rigaku D/MAX-2500) with a Cu K X-ray source. A scanning electron microscope (Hitachi S-4700) was used to observe the surface morphology and cross-sectional structure of ZnO films. Photoluminescence (PL) measurements were performed at room temperature using a Ti-sapphire laser (350 nm) with an excitation power of 50 mW. XPS measurements on the ZnO samples were carried out using a MultiLab 2000 X-ray photoelectron spectrometer (Thermo Electron) with a Mg K X-ray source (h ¼ 1253:60 eV).
N 2 O plasma treatment
Postfabrication N 2 O plasma treatment on the ZnO TFTs was carried out in the PECVD system. The process parameters used for the N 2 O plasma treatment were as follows: temperature is 300 C, pressure is 300 mTorr, power is 20 W, and N 2 O flow rate is 300 sccm. The duration of the N 2 O plasma treatment was varied in the range from 65 to 665 s. The electrical characteristics of the TFTs were measured after each N 2 O plasma treatment. XRD, XPS, and PL measurements on the N 2 O-treated samples were also carried out. Figure 2 shows the SEM image and XRD spectrum of the ZnO film grown on a Si 3 N 4 /ITO/glass substrate. The SEM image shows a vertically well-aligned ZnO columnar structure, even though the surface does not appear to be very smooth. The XRD spectrum (2 ¼ 30 { 80 ) shows one strong peak at 34.5 , corresponding to (0002) planes of ZnO, and the other peaks are due to the ITO film.
Results and Discussion
Structural properties of as-grown ZnO film
28) The observation of mainly the (0002) peak from the XRD spectrum indicates that the ZnO film grown on the Si 3 N 4 is highly c-axis oriented. [29] [30] [31] [32] [33] The full width at half maximum (FWHM) of the (0002) ZnO diffraction peak is 0.3404 .
Characteristics of as-fabricated MOCVD ZnO TFTs
The output characteristics, drain current (I D ) versus drainto-source voltage (V DS ), of the as-fabricated ZnO TFTs are shown in Fig. 3(a) . The gate-to-source voltage (V GS ) was varied from 15 to À5 V in steps of À5 V. From the output characteristics, it is clear that the ZnO TFTs operate as nchannel devices. The transfer characteristics, I D versus V GS , of the TFTs measured at V DS ¼ 10 V are shown in Fig. 3(b) .
The characteristics indicate depletion-type operation of the as-fabricated ZnO TFTs. The off-current and on-current were estimated as the minimum and maximum currents, respectively, observed in the transfer characteristics. From Fig. 3(b) , it can be seen that the off-current and the on/off current ratio are 0.6 nA and 10 6 , respectively. Figure 3 (b) also shows the variation of gate current measured as a function of V GS at a V DS of 10 V. It is noteworthy that the off-current is limited by the gate current because gate current is almost the same as drain current in the off-state in Fig. 3(b) .
The subthreshold slope (S) of TFTs is extracted from its transfer characteristics in the subthreshold regime using the following equation:
From the subthreshold slope, the equivalent maximum density of states (N max s ) present at the interface between the ZnO channel and the silicon nitride film can be calculated by the following equation:
where k is the Boltzmann constant, T is the temperature, C i is the capacitance per unit area of the gate insulator, and q is the unit charge. The estimated S and N max s of the TFTs are 4.70 V/decade and 2:58 Â 10 13 /cm 2 , respectively. The fieldeffect mobility ( FE ) and threshold voltage (V T ) of ZnO TFTs operating in the saturation region are estimated from the intercept and slope of the ðI D Þ 0:5 -V GS curve using the following current equation:
The FE and V T of the TFTs are 5 cm 2 V À1 s À1 and À4 V, respectively. From Fig. 3(b) , it can be seen that the drain current is about 24 mA at zero gate voltage, indicating the presence of a high concentration of electrons in the as-grown undoped ZnO channel.
It has been previously reported that oxygen vacancies [36] [37] [38] and hydrogen [39] [40] [41] [42] [43] [44] [45] act as shallow n-type dopants in ZnO materials. Since the zinc source used for ZnO film growth contains hydrogen [Zn(C 2 H 5 ) 2 ], the incorporation of hydrogen into the film may be possible. Thus, the high concentration of electrons in the undoped ZnO film can be attributed to oxygen vacancies and/or residual hydrogen. Jo et al. 22) have reported that the hydrogen incorporated into the MOCVD-grown ZnO films during film growth functions as a defect passivator rather than as a shallow dopant. Also, the evolution of hydrogen from the ZnO film during the N 2 O plasma treatment may not be possible because Ip et al. 46) previously reported that a temperature higher than 500 C is required for hydrogen to escape from ZnO films. The realization of enhancement-mode MOCVD ZnO TFTs by allowing sufficient oxidation time during ZnO film growth was reported by Jo et al. 24) These previous works 22, 24) suggest that rather than hydrogen, oxygen vacancies might be the dominant factor responsible for the high concentration of electrons in the MOCVD-grown undoped ZnO films resulting in the depletion-type behavior of ZnO TFTs. However, more experimental work is required to determine the amount of hydrogen in the ZnO film and its exact contribution to the electron concentration. Oxygen vacancies can be reduced by subjecting ZnO films to thermal annealing in oxygen ambient, but this process requires high temperatures typically in the range 450 -800 C. 47, 48) Here, we used N 2 O plasma treatment at a relatively low temperature to reduce the number of oxygen vacancies. N 2 O gas was selected because less energy is required to break the nitrogen-oxygen bond in a N 2 O molecule (2.51 eV) than to break the O=O bond in an O 2 molecule (5.12 eV). 49) Thus, it can prevent the ZnO film from becoming conductive via ion bombardment because plasma can be generated at a low RF power.
Characteristics of N 2 O-plasma-treated ZnO TFTs 3.3.1 N 2 O plasma treatment for 665 s
The output characteristics of the ZnO TFTs after N 2 O plasma treatment for 665 s are shown in Fig. 4(a) . These characteristics were measured for V GS ranging from 20 to 0 V in steps of À5 V. Similarly to the as-fabricated devices, the N 2 O-treated ZnO TFTs too exhibit n-type device behavior. The transfer characteristics of the N 2 O-treated TFTs measured at V DS ¼ 10 V are shown in Fig. 4(b) . It can be seen from the transfer characteristics that the off-current and on/off current ratio are 0.1 pA and 10 8 , respectively. The drain current at zero gate voltage is reduced to 15 pA and V on is À1:5 V. The estimated FE , V T , S, and N max s are 2.8 cm 2 V À1 s À1 , 11 V, 0.65 V/decade, and 3:28 Â 10 12 /cm 2 , respectively. These ZnO TFTs operate as enhancementmode devices, as indicated by the positive value of V T .
The device parameters of the as-fabricated and N 2 Oplasma-treated ZnO TFTs are summarized in Table I . N 2 O plasma treatment on the as-fabricated ZnO TFTs changed their device operation from depletion-type to enhancementtype. Compared with the as-fabricated ZnO TFTs, the off-current was about 3 orders of magnitude lower, the subthreshold slope was nearly 7 times lower, and the on/off current ratio was 2 orders of magnitude higher for the N 2 Oplasma-treated ZnO TFTs. However, the on-current and FE of ZnO TFTs deteriorated after N 2 O plasma treatment. The decrease in the on-current value can be attributed to a reduction of carrier concentration in the channel. 50, 51) A similar reduction of drain current was previously reported for TFTs using TiO x 50) and InGaZnO 51) as channel layers when subjected to N 2 O plasma treatment to obtain enhancement-mode device operation from depletion-type operation. The decrease in the value of FE too can be attributed to a reduction of carrier concentration in the channel layer. 52, 53) In order to examine the cause of the improved device performance and enhancement-mode operation of the TFTs, XRD, PL, and XPS measurements were carried out on N 2 Otreated and as-grown ZnO samples and the characterization results are described in §3.4.
N 2 O plasma treatment for different durations
In order to determine the effect of the duration of N 2 O plasma treatment on device characteristics, as-fabricated ZnO TFTs were subjected to N 2 O plasma for different times.
The transfer characteristics of ZnO TFTs treated for different durations, namely 65, 125, 305, 425, and 665 s are shown in Fig. 5 , together with that of the as-fabricated device. It can be seen that the drain current at zero V GS decreases with the increase in N 2 O treatment time. The off-current too decreases with increasing N 2 O plasma treatment time. The reduction of both the off-current and the drain current at zero V GS can be attributed to a reduction of effective carrier concentration in the ZnO channel layer.
XRD, PL, and XPS measurements of ZnO films
In order to determine the cause of the enhancement-mode operation as well as the better performance of ZnO TFTs following N 2 O plasma treatment, ZnO samples were characterized by the XRD, PL, and XPS methods. Two ZnO samples, namely an as-grown sample and a sample subjected to N 2 O plasma treatment for 665 s were used for the measurements; their layer structures were the same as those of the samples used for fabricating TFTs.
XRD and PL
The XRD spectra of the as-grown and N 2 O-treated ZnO samples are shown in Fig. 6 . The intensity of the (0002) peak of the N 2 O-treated sample is stronger than that of the as-grown sample. The FWHM of the (0002) peak for the N 2 O-treated sample is 0.3042 , smaller than that for the asgrown sample. The crystalline quality can be evaluated by the FWHM and intensity of the (0002) peak. The higher intensity and narrow FWHM of the (0002) XRD peak for the N 2 O-treated sample reveal that this film possesses better crystallinity, which can be attributed to fewer defect states in the film. Figure 7 shows the room-temperature PL spectra of the as-grown and N 2 O-treated ZnO films. From the figure, it is clear that the spectra consist of a strong emission at approximately 380 nm and a weak broad emission band in the visible region (450 -550 nm). The peak at approximately 380 nm is the band edge emission, the so-called UV luminescence. The visible emission is due to intrinsic defect states in the ZnO films, such as oxygen vacancies, interstitial zinc, and related defects. [54] [55] [56] It is generally accepted that the relative intensity of visible emission in PL reflects the concentration of defects in ZnO. Compared with the asgrown films, the N 2 O-treated films exhibit less visibleregion luminescence. This result can be attributed to a decrease in the concentration of point defects.
The XRD and PL data indicate that the N 2 O-treated sample has better crystallinity and fewer defect states, which may be responsible for the lower values of S and N max s observed for N 2 O-treated ZnO TFTs.
XPS
The samples used for surface analysis were cleaned in situ for 5 min using Ar to eliminate the surface contamination before the measurement. The XPS spectra were shifted due to electrostatic charging caused by the use of an insulating glass substrate. Because of this, all spectra were calibrated using C 1s at 284.6 eV as a reference. Figure 8 shows the XPS spectra of O 1s on the surface of as-grown and N 2 Oplasma-treated samples. The XPS spectrum of the as-grown sample shows an O 1s peak at 530.59 eV [solid line, Fig. 8(a) ] and this energy is assigned to oxygen in the Zn-O bond. [57] [58] [59] [60] [61] In the case of the N 2 O-treated sample, the O 1s peak is shifted to a lower binding energy side at 529.47 eV [solid line, Fig. 8(b) ]. The movement of the binding energy to a lower value can be due to a decrease in the number of ionized oxygen vacancies in the ZnO film. [57] [58] [59] [61] [62] [63] In general, an ionized oxygen vacancy in a ZnO film donates two electrons to the conduction band, which is mainly responsible for the n-type conductivity of undoped ZnO films. The decrease in electron density due to the reduction of oxygen vacancies moves the Fermi level away from the conduction band, which results in an increase in the work function. This appears to be the reason why the O 1s peak in the XPS spectrum shifted toward a lower binding energy.
In both cases, the O 1s peak can be deconvoluted into two peaks (dotted lines), as shown in Fig. 8 . The peak with the lower binding-energy component is assigned to oxygen in the Zn-O bond and the peak with the higher binding-energy component is assigned to oxygen loosely bound on the surface of ZnO. [57] [58] [59] From the results of XPS analyses, the normalized atomic percentages of oxygen in the Zn-O bond are 78.2 and 81.52% for the as-grown and N 2 O-treated samples, respectively, as shown in Table II . The increased atomic percentage of oxygen in the Zn-O bond in the N 2 Otreated sample indicates that the number of ionized oxygen vacancies is decreased in the N 2 O-treated sample. Therefore, the enhancement-mode device operation and low off-current of the N 2 O-treated ZnO TFTs can be ascribed to the decrease in electron density due to the reduced number of oxygen vacancies in the channel region.
The Zn 2p 3=2 spectra on the surface of the as-grown and N 2 O-plasma-treated ZnO samples are shown in Fig. 9 . The as-grown sample shows a Zn peak at 1021.1 eV and this peak corresponds to crystal lattice zinc from ZnO. 57, 58, 64, 65) After the N 2 O plasma treatment, the Zn peak moved to a lower-binding-energy position at 1020.2 eV, which shows that an increased number of zinc atoms are bound to oxygen. [64] [65] [66] Like in the case of O 1s spectra, the movement of the Zn 2p 3=2 peak too suggests a decrease in the number of oxygen vacancies.
It is known that nitrogen-doped ZnO films show p-type conductivity. 67, 68) Therefore, the incorporation of nitrogen from N 2 O plasma can also reduce the effective electron concentration of the N 2 O-treated ZnO films. But, the XPS spectrum for the N 2 O-treated sample did not exhibit any peak related to nitrogen. This suggests that nitrogen had no role in the reduction of electron concentration in the N 2 Otreated films.
Conclusions
The postfabrication N 2 O plasma treatment on the asfabricated MOCVD ZnO TFTs changed their device operation from depletion-mode to enhancement-mode. N 2 O plasma treatment also improved the characteristics of ZnO TFTs in terms of off-current, on/off current ratio, and subthreshold slope. Compared with the as-fabricated ZnO TFTs, the off-current was about 3 orders of magnitude lower, the subthreshold slope was nearly 7 times lower, and the on/off current ratio was 2 orders of magnitude higher for the N 2 O-plasma-treated ZnO TFTs. XPS data showed that the number of oxygen vacancies in the N 2 O-treated ZnO samples was lower than that in the as-grown samples. The enhancement-mode device operation and improved performance of N 2 O-treated ZnO TFTs were therefore attributed to the reduced number of oxygen vacancies in the ZnO channel. The number of point defects in the as-grown ZnO film and its crystalline quality were improved following N 2 O plasma treatment, as shown by PL and XRD data, respectively.
